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INTRODUCTION

Fiber reinforced composites are widely used in high technology design and manu-
facture of helicopters, aircraft, missiles, and other weapon components. The tough-
ness of the designed composite depends on the properties of the fibers, bulk matrix,
and the interfaces between them. Understanding of the fiber-matrix interfaces and
the correlation of these findings to the mechanical properties of the composite is
essential for developing micro-mechanical models and failure mechanisms of the com-
posite, and might lead to improvement and optimization of desired composite
materials.

The structures of carbon fibers (CF) are fairly well documented,l"4 but their
surfaces after liquid oxidation modification and oxygen gas treatment have not been
extensively investigated. The fibers are gsually given a surface treatment after
fabrication to improve adhesive properties” of the surface. Understanding of the
interactions between fiber and matrix (e.g., the chemical nature of fiber surface
layers, interactive forces between fiber and matrix, and fiber surface roughness and
porosity) is essential for a complete structural and surface characterization.

The present investigation was carried out as part of The Technical Cooperative
Program (TTCP) in which England, Canada, and the U.S. participated. Using available
analytical facilities in the Materials Characterization Division of the U.S. Army
Materials Technology Laboratory, the structure and chemistry of fibers were examined
in detail. The data obtained was used to classify and grade various commercial
fibers, and might be helpful in designing tougher composite materials. The current
study is aimed at selecting physical and chemical parameters sufficient to describe
major characteristics of the fibers that can be employed on a selection basis in
order to optimize properties of the fabricated composite material. They include:
(1) major mechanical properties, (2) crystal structure information, and (3)
morphological chemical characteristics of the fiber surface.

EXPERIMENTAL
Fiber Samples

The following carbon fiber samples, obtained from the TTCP program, were made
by Courtaulds Co. and distributed by Royal Aircraft Establishment (RAE):

(Al) Grafil Apollo XA-U HS 12,000 filament tow. Reference 6662~1, Batch
No. 5257, Strength 5.10 GPa, Modulus 254 GPa, Density 1.82 g/cc,
Weight per unit length 396 mg/m.

(A2) Same as Al, Batch No. 5258, treated and unsized.

(A3) Same as Al, Batch No. 5256, treated and 1% size A.

. DELMONTE. J. Technology of Carbon and Graphite Composites. Chapter 6, Van Nostrand Reinhold Co., 1980.

. SCOLA. D.A. Compaosite Materials  E.P. Plueddemann, ed., Chapter 7, v. 6, Academic Press, 1974,

. SCOLA, D.A.. and BROOKS. C.S. Surfuce Aspects of New Fibers, Boron, Silicon Carbide. and Graphite. ). Adhesion, v. 2, 1970,
p. 213-237.

. RIGGS. DM.. SHUFORD. R.J., and LEWIS. RW. Graphite Fibers and Composites. Handbook of Composites. G. Lubin, ed., Van
Nostrand Reinhold Co., 1982,

. DRAZEL. LT. The Surface Compusitions and Energetics of Tvpe A Graphite Fibers: Carbon, v. 15, 1977, p. 129-138.
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(Bl) Grafil Apollo IM 12,000 filament tow. Reference 6661-1, Batch
No. 5447, Strength 3.90 GPa, Modulus 306 GPa, Density l.76 g/cc,
Weight 370 mg/m.

(B2) Same as Bl, Batch No. 5445, Strength 3.82 GPa, Modulus 308 GPa,
treated and unsized.

(B3) Same as Bl, Batch No. 5443, Strength 3.90 GPa, Modulus 313 GPa,
treated and 1% size A.

Instruments/Procedures
X~Ray Powder Diffraction

Norelco X-ray power supply and diffractometer units were employed to charac-
terize structure parameters. The fiber was first ground into powder by a SPEX
miller, and the X-ray powder diffraction pattern was taken using Cu K, radiation on
a strip chart recorder. The patterns were then transferred to an IBM personal com-
puter, and the structure parameters were computed.

Scanning Electron Microscopy (SEM)

A JEOL JXA-840 scanning electron microanalyzer was used to examine surface mor-
phology of the fibers. The irregularities of the fibrous surface could be examined
in detail under high magnification. The cross-sectional morphology of the fiber
could reveal the internal array of graphite basal planes.

ESCA Surface Study

The ESCA/Auger instrument made by Physical Electronic Industries, Inc., PHI
Model 548 with a double pass cylindrical mirror analyzer (CMA) and MgK, X-ray
radiation, was used for surface characterization. To prepare the specimen, a bundle
of fibers was densely packed and aligned to give an area of ~1/2-inch square. The
fiber ends were trimmed and clamped with a conductive, adhesive copper tape.

Structural and Surface Properties

The following information, observed or calculated from X-ray diffraction, ESCA,
and SEM experiments, 1s essential for a thorough characterization of the fiber:

1. X-Ray Diffraction

(a) Average graphite layer spacing (from the 002 peak position)

(b) Average crystal size L. (from the 002 peak width)

(c) Average crystal size La (from the 100 peak width)

(d) Average lattice dimension a-axis (from the 100 peak position)

(e) The ratio of the peak area to the diffused area

(f) The ratio of the 002 peak area to the total diffraction area

(g) The ratio of the 100 peak area to the total diffraction area

(h) The ratio between the 100 and 002 peak areas

(1) Crystallinity index (from a comparison of the X-ray diffraction
patterns of known crystallized and amorphous carbons).

L n K o N wt At A
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) 2. SEM Morphology Studies

(a) Morphological examination of surfaces along the axis of carbon
fibers and fiber cross-sections
(b) Average diameters of carbon fiber samples.

Nl o

S 3. ESCA Surface Studies

N (a) Oxygen—to-carbon peak area ratio (calculated from the integrated
\ area under the O s and C1 peaks in ESCA spectra)

:: (b) Oxidized carbon-to—carbon ratio (the ratio of oxygen attached to

carbons, including hydroxyl, ether, ester, carbonyl and carboxyl

% functional groups, with no oxygen linkage from the C1S peak pro-

# file in ESCA spectra).

"

3 RESULTS

[ 4

N The experimentally obtained parameters listed above together with the mechan-
; ical properties supplied by manufacturers are s%ggn in Table 1. The procedures for
. obtaining these parameters are well documented, and brief descriptions are given
‘ below.

5;

. Table 1. CHARACTERISTICS OF CARBON FIBERS

A Parameter A-1 A-2 A-3 B-1 B-2 B-3

X 1. U.T. Strength (GPA) 5.1 5.1 5.1 3.9 3.82 3.9
e} 2. Modulus (GPA) 254 254 254 306 308 313

5 3. Max. Strain (%)
: 4, Density (g/cc) 1.82 1.82 1.82 1.76 1.76 1.76

" 5., Diameter (um) 4.5 4.5 4.5 4.8 4.8 4.8

o 6. Surface Area (m/g)

Wy 7. d-002 Spacing 5,'0‘) 3.55 3.56 3.57 3.50 3.49 3.51

8. Dimension Le (A) 15.6 15.1 17.0 28.1 23.7 25.0

g 9. Dimension L, (R) 79.3 66.9 62.1 77.3 91.2 87.8

' 10. Frac. 002/Total 0.397 0.341 0.312 0.348 0.376 0.373
; : 11. Frac. 100/Total 0.031 0.032 0.039 0.050 0.032 0.033
b : 12. Frac. Peak/Total 0.485 0.418 0.415 0.442 0.473 0.482

) 13, Ratio 100/002 0.079 0.093 0.124 0.143 0.086 0.089

= 14, Frac. Surface Oxygen 0.051 0.14 0.15 0.033 0.092 0.161

N 15, Surface C-0/C Ratio 0.184 0.281 0.284 0.221 0.319 0.449

3 16. Crystalline Index 0.35 0.32 0.28 0.43 0.48 0.46

;

3 The physical parameters from lines ! to 6 are obtained from the literature pro-
P vided with commercial fibers; occasionally, some are missing. Average diameter (No.
o 5) and surface area (No. 6) can be estimated from the SEM photographs. The surface

area could also be approximated from the average diameter and surface roughness.

':‘: 6. HECKMAN, F.A. Microstructure of Carhon Black  Rubber Chemistry and Technol., v. 37, no. 5. December 1964.
'0’ 7. KOZLOWSKI, C.. and SHERWOOD, PM.A. X-Ruv Photoelectron Spectroscopic Studies of Carbon Fiber Surfaces. Part VII, Electro-
. chemical Treatment in Ammonium Salt Electrolvtes Carbon. v, 34 1986, p 357-363.

A 8. HOPFGARTEN. F. ESCA Studies of Carbon and Oxygen i Carbon Fibers  Fiber Sci. Technol., v. 12, 1979, p. 283.
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However, due to irregularities on the fiber surface, reliable results can be
obtained only from gas absorption measurement.

The surface morphologles observed from the SEM images of the untreated,
treated, and treated-sized Grafil XA-UHS carbon fibers revealed many distinct
appearauces as shown in Figure l. Under 3000X magnification, all surfaces have fine
striations along the length of the fiber. The untreated carbon fibers are rather
smooth, without scales, deposits or pits; however, the treated and treated-sized
fibers show many coagulations, scales and wrinkles. Moreover, tiny chips and debris
from cutting had adhered to the surfaces. Occasionally a layer of coating or scale
can be seen on the cross sections of the sized filaments. The internal array of
graphite basal planes appears to be random from other magnified SEM images (not
shown).

The parameters listed from lines 7 to 13 are obtained from X-ray diffraction
data. A typical X-ray diffraction pattern is shown in Figure 2. The d-002 spacing
(No. 7) is calculated from the position at the maximum peak height. The maximum
position is determined by the mid-point of the peak width at half-height. The
lattice spacing is calculated from the Bragg equation as:

n) = 2d sinsg (1)

where

A wavelength of X-rays,
d = distance between planes of the same Miller indices, and
8 = angle of diffraction,

The dimensions L_and L_ (Nos. 8 and 9) of graphite crystallites are calculated
from the half-widths of the 802 and 100 peaks. The Scherrer equation,

L = K)/B cos® , (2)
where

L = crystallite dimension,

B = half-width in radians,

A8 = diffraction angle,

» = wavelength, and

K = shape factor,

is used for 4he computation. The constant K is taken as K_ = 1.84 for L_ and K_ =
0.90 for L . A background correctlon is made before the galf—width B calculatfon.
Since the fOO peak is usually overlapped with the 110 peak, only the left shoulder
and the maximum position of the peak are used to establish the half-width; this
might introduce a large uncertainty in the La calculation. It is well known that
the a=-axial unit cell length is fairly uniform~ among many graphite-like structures.
Consequently, the position of the 100 peak is assumed to be identical for all
diffraction patterns.

The fractions of peak areas 002 and 100 to the total diffraction area (Nos. 10
and 11, Table 1) are calculated from the X-ray diffraction pattern. The background
diffraction is obtained from a blank sample holder with only Scotch mounting tape.
These two parameters denote the proportions of crystalline carbons oriented along



A—1 untreated

A—3 treated—sized

Figure 1. SEM images of carbon fibers.

B the two major axes (a and c). The orientation of the graphite crystallites is an

important factor in determining the physical strength of a continuous carbon fila-
ATy ment.
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A — SERIES (002]

{100]
101]

A [004)

INTENSITY

B — SERIES

1 1 i i 1

0 10 20 30 40 50 60

DIFFRACTION ANGLE (26)

Figure 2. A typical X-ray diffraction pattern of carbon fiber. Two diffused broad peaks are usually observed in the range
4-60C under Cu radiation. The d-002 spacing is calculated from the peak position determined by half-widths, and crystal-
lite dimensions Ly and L from respective peak widths at given Miller indices. Other parameters listed in Table 1 are also
computed from tlawe areas of diffraction. B-series fibers have larger sizes of crystallites than A-series fibers.

Since the physical characteristics of fibers are, in some cases, dependent on
the crystalline and amorphous portions of the carbon structures, the fraction of all
peak areas to the total diffraction area (No. 12) is used to demonstrate the pro-
portion of carbons in crystalline form. This parameter approximates the degree of
crystallinity of the fiber.

The ratio of two peak areas (100 and 002, No. 13) illustrates the orientation
of crystallites in the fiber structure. While this ratio may duplicate the pre-
ceding parameters, a clear crystallite arrangement can be easily derived from this
variable.

The two surface parameters derived from ESCA peaks, shown in Figure 3, are used
to demonstrate surface atomic constituents of the fiber. The adhesion behavior of
the fﬁbgrgsurface is strongly dependent on the amount of oxygen on the fiber sur~
face.”*™? Thus, the concentration of oxygen on the surface, regardless of the !
chemical form or the amount of oxygen attaching to carbon (Nos. 14 and 15), is in-
trinsic to surface adhesion. Parameter 14 is calculated from the relative amount

9. ISHITANL. A. Application of X-Ray Photoelectron Spectroscopy to Surface Analysis of Carbon Fiber. Carbon, v. 19, 1981, p. 269.
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- function groups. In oxygen profiles, the treated fibers show wide peak half-widths, indicating
‘: N there are many different binding states of oxygen on the modified surface.
0.
LR
'..-" of oxygen on the surface. First, the areas under all peaks are integrated and cor-
'«.": rected for atomic sensitivities. Then, the atomic fraction of oxygen is derived
n.;',- from the integrated and corrected concentrations of surface atoms, including carbon,
; " oxygen, and nitrogen. The second parameter (No. 15) is the ratio of oxygen-—attached
+*i.p) carbon to unreacted carbon that may show some active oxygen-carbon linkages on the
e surface. These data are derived from the deconvolution of the C1S peak into two
b
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; components: the carbons in C-C, C=C and C-H linkages and oxidized carbons such as
:ﬁ alcohol, carbonyl, ester, and carboxyl.

_‘i X-ray scattering of fibrous materials shows the presence of sharp and diffuse
f‘ diffraction patterns, indicating cry?Bal phases iInterspersed with amorphous regions.
. The concept of the crystalline index is derived from the fact that a portion of

i i the X-ray scattering from a fiber is diffused and contributes to the so-called
L amorphous background. Thus, a simple method of estimating the crystallinity is
- obtained by separating the diffraction pattern into crystalline (sharp) and amor-
B phous (diffuse) components. It should be emphasized that the index obtained by the
\ present method is not an absolute numerical result, but rather an indication of
ﬂ; relative degree in which some important physical properties are found to correlate.
g& The crystallinity index (No. 16) is a complicated parameter derived from the
S X-ray diffraction patterns of amorphous and crystalline reference materials and the
.:V sample of interest. A comparison is made between the patterns of standards and the
4 fiber sample of interest as illustrated in Figure 4. The choice of these two stand-
\* ards is rather arbitrary. In this study, highly graphitized carbon black powder
) (Graphon made by Cabot Co.) was used as the crystalline standard, and the carbon
#j- compound with no crystal structure was taken as the amorphous standard (Coke in this
heL case). The index is calculated and averaged over the entire diffraction range of
' 2 4-60° at intefgals of 0.4° (140 data points). The detailed computation is reported
° in literature and presented here, in graphic form, in Figure 5. This index has
) been widely used in fiber industry for the measurement of fiber strength.
}.‘.
f: DISCUSSION
Id

The structure of fibrous materials could be described as the arrangement and
interdispersion of micro-crystalline phases into amorphous regions in an oriented
fashion. This simplified fiber structure is not fully compatible with more recent
findings 1 that the structure consists of many single crystals, chain folding,
lamellar crystal growths, and intermediate crystal objects such as axialites and
hedrites, lattice dislocation, pores and voids, and one- and two-dimensional order-
ing in drawn fibers. However, this new crystal-defect concept, as opposed to the
earlier two-phase concept, is nevertheless derived from the crystallinity of fibrous

‘ ), Ot eI -
LSL 0 o> .

;:j materials.

-:: Even the relative degree of crystallinity is not unambiguously defined and is
L&l also subject to experimental procedure and measurements. The physical and mechan-
‘g' ical properties of fibers are profoundly dependent on the degree of crystallinity,
- regardless of the chosen method of measurement. The tensile strength and modulus of
> elasticity of carbon fibers are directly related to the degree of alignment and

j; stiffness of molecular chains parallel to the fiber axis and, hence, to the degree
;:; of crystallinity. Likewise, the yleld stress of a fiber increases with the degree
‘3: of crystallinity.

@

vF The six fiber samples used in the TICP program were obtained from two sources.
Groups A and B are batches from two different processes. The parameters presented

1O WAKELIN, JH. VIRGIN, FLS. and CRYSTAL., k. Development and Comparison of Two X-Ray Methods for Determining the
Cristalliniey of Cotton Cellulose J. Appl. Phys. v, 2201959, p. 1654,
11, GUIGON M., OBERLIN. A and DESARMOT. G. Microtexture and Structure of Some High Tensile Strength PAN Base Carben
- Fihers  Biber Saand Technollo vo 200 1984, p. 177,
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Figure 4. X-ray diffraction patterns of sample crystalline and amorphous reference carbons. These three patterns are
compared and integrated to yield crystalline index.
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in Table 1 could be used to evaluate/compare the wide range of characteristics of
commercial fibers. The differences are clearly shown in the two structure param-
eters (Nos. 8 and 9) that give the average dimensions of crystallites along the a-

r

.u"

;bﬁ and c-axes. The large crystallite dimensions seem to improve the modulus (No. 2)
., but decrease the strength (No. l). Group B has an average of seven basal planes of
ﬁ*ﬁ crystallites as compared to five in Group A. The d-spacing (No. 7) is easily ob-
5*# tainable from the X-ray measurement. For a perfect graphite structure, the inter-
: i planar spacing is 3.35 A; an increase in this parameter signifies the extent of
.%’ deviation from the perfect structure. Thus, the structure disorder and mismatch of
Ay the graphite basal planes, which tend to reduce the physical strengths of carbon
O fibers, increase with increasing length of the d-002 spacing. Similarly, the
o numbers of stacking carbon basal planes also reflect on the fractions of the 002
iiﬁ peak area to the total area (No. 10). The larger the crystallite thickness, the
'. higher the magnitude of parameter No. 10.
o Samples A-2 and B-2, surface treated fibers, exhibit a three-fold increase in
* oxygen surface concentration as compared to untreated fibers (see parameter No.
Ky 14). Similarly, parameter 15, which describes the amount of oxidized carbon, is
:4\, also found to increase. From the peak profiles shown in Figure 3, the peak widths
o Y] of the 0, Peaks after treatment (A-2, B-2) increase markedly, indicating that there
.C are many sifferent forms of oxygen on the surface. An increment of surface oxygen
X
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A Figure 5. Graphic presentation of crystalline index. Crystalline index is obtained from the le-l5 vs. 1y-t, plot for all
- diffraction angles from 4-600 at an interval of 0.49. The least-square treatment of data yields t%e slope as crystalline
SO index and the standard deviation as scatter. Subscripts a, ¢ and u refer to amorphous, crystalline and unknown
patterns, and | is a relative diffraction intensity.

magnitudes is also observed on the sized fibers, A-3 and B-3, The oxygen peak
¢ "2 positions are found to shift considerably from those of the untreated and treated
i fibers.

BAOS The chemical composition of the sizing compound has more influence over the
Cnths surface oxygen concentration. The sizing was usually employed less than 1 wt¥% and
- was coated on the fiber surface to facilitate handling of bundled filaments. The

0 7, oxygen magnitudes of parameters 14 and 15 for the sized fibers increased, and are
W comparable to those of the treated fibers. Evidently the sizing compounds are

'*:*- composed of many oxygen-containing resins. Especially for the sized B-3 fiber, the
S, surface oxygen concentration increased more than that of the treated one. The

f 8izing compound used in the B-fiber is probably different from that used in the
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A-fiber. This difference is shown in the carbon peak profiles (Figure 3) having
more oxygen functional groups.

Since sizing has little effect on fiber matrix adhesion,12 the two parameters
obtained from the ESCA study might not yield direct information about surface adhe-
sive behavior. Thus, the present surface parameters have no significant meaning.
In addition to oxygen, a small concentration of N, presumably derived from the pre-
cursor of PAN fibers, is observed on these fibers. The N amount is usually very
small; consequently, it is believed to have no significant effect on adhesion.

The crystallinity index10 is calculated from the complex computation of 140
data sets, glving a least-square regression line in which the slope is the crystal-
linity index. The standard deviation is rather scattered. This large deviation is
partially caused by the misalignment of graphite basal planes in turbostratic
graphitic structures and the improper choice of standard materials. The trend of
the index is roughly in parallel to the crystalline peak fractions (Nos. 10-12)
between the A and B fibers. Since the large scattering is frequently associated
with the index, the usefulness of the index in the characterization of carbon fiber
requires further examination.

ACKNOWLEDGMENT

The authors wish to acknowledge Dr. G.L. Hagnauer, OML, for his valuable
discussion and his encouragement to initiate carbon fiber studies. All samples from
TTCP were obtained through his courtesy.

12, HAMMER. G.F. and DRAZEL. 1. T. Graphite Fiber Surfuce Analvsis by X-Ray Photo Spectroscopy and Polar Dispersive Free Energy
Analysis  Appl Surt. Sci. v, 4. 1980, p. 340.

11




T TERES W T S nieeT T s W W -.-—‘,T

DISTRIBUTION LIST

No. of No. of
Copies To Copies To
Office of the Under Secretary of Defense for Research and Director, U.S. Army Research & Technology Labs,
Engineering, The Pentagon, Washington, DC 20301 Ames Research Center, Moffct Field, CA 94035
1 ATTN: Mr. J. Persh 1 ATTN: DAVDL-D, Dr. R. Carlson
1 Dr. L. Young 1 DAVDL-AL-D, Or. 1. C. Statler, MS215-1,
1 Mr. K. R. Foster Aeromechanics Laboratory
Commander, U.S. Army Laboratory Command, 2800 Powder Commander, U.S. Army Missile Command, Redstone Scientific
Mill Road, Adelphi, MD 20783-1145 Information Center, Redstone Arsenal, AL 35898-5241
2 ATTN: SLCIS-IM-TL 1 ATIN: AMSMI-RD-CS-R/ILL Open Lit
1 SLCIS-TD 1 AMSMI-RL, Or. J. J. Richardson
1 SLCIS-TD-A 1 AMSMI-R, Dr. W. C. McCorkle
1 SLCIS-PA
1 SLCIS-TP Commander, U.S. Army Aviation Systems Command, P.O. Box 209
St. Louis, MO 63120
Commander, Jefense Technical Information Center, Cameron 1 ATTN: AMSAV-NS, Mr. M, L. Bauccio
Station, Building 5, 5010 Duke Street, Alexandria, 1 Technical Library
VA 22304-6145
2 ATTN: OTIC-fDAC Commander, U.S. Army Natick Research, Development, and
Engineering Center, Natick, MA C1760
1 National Technical Information Service, 5285 Port Royal 1 ATTN: Technical Library
Road, Springfield, VA 2216l 1 Dr. J. A. Sousa
1 Or. R. J. Byrne
Otrector, Oefense Advanced Research Projects Agency, 1 Dr. R. Lewis
1400 Wilson Boulevard, Arlington, VA 22209
1 ATTN: ODr. P. Parrish Commander, U.S. Army Satellite Communications Agency,
1 Or. 8. Wilcox Fort Monmouth, NJ 07703
1 Dr. K. Hardmann-Rhyne 1 ATIN: Technical Document Center
Battelle Columbus Laboratories, Metals and Ceramics Commander, U.S. Army Science and Technology Center
information Center, 505 King Avenue, Columbus, OH 43201 Far East Office, APQ San Francisco, CA 96328
I ATTIN: Mr. W. Duckworth 1 ATTN: Terry L. McAfee
1 bBr. D. Niesz
Commander, U.S. Army Communications and Electronics Command,
Department of the Army, Office of the Assistant Secretary Fort Monmouth, NJ 07703
of the Army (RDA), Washington, DC 20310 1 ATTN: AMSEL-TDD, Mr. T. A. Pfeiffer, Technical Dir.
I ATTIN: Dr. J. G. Prather, Dep for Sci & Tech
1 Dr. J. R. Sculley, SARD Director, Electronic Technology and Devices Lab,
Fort Monmouth, NJ 07703
Deputy Chief of Staff, Research, Development, and 1 ATTIN: DELET-D, Or. C. G. Thornton
Acquisition, Headquarters, Department of the Army,
Washington, DC 20310 Commander, U.S. Army Tank-Automotive Command, Warren,
1 ATTN: DAMA-ZE, Mr. C. M. Church Ml 48090
1 ATIN: DOr. W. Bryzik
Commander, U.S. Army Research and QOevelopment Qffice, 1 0. Rose
Chief Research and Development, Washington, DC 20315 3 AMSTA-RKA
1 ATTN: Physical and Engineering Sciences Division 1 AMSTA-UL, Techrical Library
1 AMSTA-R
Commander, Army Research Office, P.0. Box 12211, Research 1 AMSTA-NS, Dr. H. H. Dobbs
Triangle Park, NC 27709-2211
1 ATIN: Information Processing Office Commander, U.S. Army Armament, Munitions and Chemical
1 Or. G. Mayer Command, Dover, NJ 07801
1 Dr. J. Hurt 1 ATTN: Mr. J. Lannon
1 Dr. A. Crowson 1 Mr. H. E. Pebly, Jr., PLASTEC, Director
1 Dr. R. Reeber 1 Technical Library
1 Dr. R. Shaw 1 Br. T. Davidson
1 Dr. R. E. Weigle 1 Dr. B. Ebihara
1 AMSMC-LC(D), Or. J. T. Frasier
Commander, U.S. Army Materiel Command, 5001 Eisenhower
Avenue, Alexandria, VA 22333 Commander, U.S. Army Armament, Munitions and Chemical
1 ATTN: AMCLD, Dr. L. Hagan Command, Rock Island, IL 61299
1 AMCDE, Mr. D. L. Griffin 1 ATTN: Technical Library
1 AMCQA-EQ, Mr. H. L. Light
1 AMCQA, Mr. S, J. Lorber Commander, U.S Army Armament, Munitions and Chemcial
Command, Aberdeen Proving Ground, MD 21010
Commander, U.S. Army Electronics Research and Development 1 ATTN: AMSMC-CLN-ST, Mr. S. Shukis
Command, fFort Monmouth, NJ 07703
1 ATTN: AMDET-ES, Or. A. Tauber Commander, Aberdeen Proving Ground, MD 21005
1 ATTN: AMDAR-CLB-PS, Mr. J. Vervier
Oirector, Electronics Warfare Labaratory, Fort Monmouth,
NJ 07703 U.S. Army Corps of Engineers, Construction Engineering
1 ATTN: AMDEW-0, Mr. M. Adler Research Lab, F.0. Box 4005, Champaign, IL 61820
1 ATIN: Or. Robert Quattrone
Commander, U.S. Army Materiel Systems Analysis Activity,
Aberdeen Proving Ground, MO 21005 Commander, U.S. Army Belvoir RD&E Center,
1 ATTN: AMXSY-MP  H. Cohen fort Belvoir, VA 22060-5606
1 ATTIN: STRRE-FS, Mr. W. McGovern, Fuel & Wtr Sup Div
Commander, U.5. Army Night Vision Electro-Optics 1 AMDME -V, Mr. . York
Laboratory, Fort Belvoir, VA 22060 1 AMDME-HS, Dr. K. H. Steinbach
1 ATTN: DELNV-5, Mr. P, Travesky 1 AMDME-ZT, Mr. T. W. Lovelace, Tech Dir
i DELNV-L-D, Dr. R. Buser 1 Mr. M. Lepera
1 DELNV-D, Dr. L. Cameron
Director, U.S. Army Ballistic Research Laboratory,
Commander , Harry Diamond Laboratories, 2800 Powder Mill Aberdeen Proving Ground, MD  21N0%
Road, Adelphi, MD 20783 1 ATIN: AMDAR-BL T, Or. A. M. Mietrich
1 ATTN: Technical Information Office 1 AMDAR-BLF, Or. A. Niller
1 AMSLC-RAE 1 AMDAR-BL1, Mr. | . Watermetier
1 AMSMC-BL (A), Or. R. 1. Erchelberger




-

TRV IETT I TR TEE TES TR S RN T T T wTww ws T 7w T

No. of No.
Copies To Copies To
Commander, Rock Island Arsenal, Rock [sland, Commander, Air Force Armament Center, Eglin Air Force
L 61299 Base, fL 32542
1 ATTN: SARRI-EN 1 ATTIN: TYechnical Library
Director, U.S. Army Industrial Base Engineering Activity, National Aeronautics and Space Administration, lewis
Rock Island, IL 61299 Research Center, 21000 Brookpark Road, Cleveland,
1 ATTN: AMXIB-MT, Mr. G. B. Ney OH 44135
1 ATTIN: J. Accurio, USAMRDL
Chemical Research and Development Center, Aberdeen 1 Or. H. 8. Probst, MS 49-1
Proving Ground, MD 21010 1 Dr. S. Dutta
1 ATTN: AMSMC-CLD{A), Dr. B. Richardson
National Aeronautics and Space Administration, Washington,
Commander, U.S. Army Test and Evaluation Command, DC 20546
Aberdeen Proving Ground, MD 21005 1 ATTN: AFSS-AD, Office of Scientific and Technical Info.
1 ATTN: AMSTE-ME
1 AMSTE-TD, Mr. H. J. Peters Nationa) Aeronautics and Space Administration, Langley
Research Center, Hampton, VA 23665
Commander, U.S. Army Foreign Science and Technology Center, 1 ATTN: Mr. J. Buckley, MS 387
220 7th Street, N.E., Charlottesville, VA 22901 1 Pr. J. Heyman, MS 231
1 ATIN: Military Tech 1 Mr. R. L. Long, MS 266
1 Mr. J. Crider
1 Ms. P. Durrer Commander, White Sands Missile Range, Electronic Warfare
1 Mr. P. Greenbawn Laboratory, OMEW, ERADCOM, White Sands, NM 88002
1 ATTN: Mr. Tnomas Reader, AMSEL-WLM-ME
Chief, Benet Weapons Laboratory, Watervliet, NY 12189
1 ATTN: AMDAR-LCB-TL Department of Energy, Oivision of Transportation,
1 Or. G. D'Andrea 20 Massachusetts Avenue, N.W., Washington, DC 20545
i AMOAR-LCB, Dr. F. Sautter 1 ATTN: Mr. G. Thur
1 Dr. R. J. Gottschall, ER-131, GTN
Director, Eustis Directorate, U.S. Army Mobility Research
and Development Laboratory, Fort Eustis, VA 23604 Department of Transportation, 400 Seventh Street, S.W.,
1 ATTN: SAVDL-E-MOS (AMCCOM) Washington, DC 20590
1 ATTN: Mr. M. Lauriente
Commander, U.S. Army Engineer Waterways Experiment Station,
Vicksburg, MS 39180 1 Mechanical Properties Data Center, Belfour Stulen Inc.,
L ATTN: Research Center Library 13917 W. Bay Shore Drive, Traverse City, Ml 49684
Project Manager, Muynitions Productian Base, Modernization Nationdal Bureau of Standards, Washington, DC 20234
and Expansion, Dover, NJ 07801 1 ATTN: E. S. Etz, 8ldg. 222, Rm A-12]
1 ATTN: AMCPM-PBM-P 1 0. L. Hunston, Bldg. 224, Rm A-209
1 Dr. D. H. Reneker, Dep. Dir., Ctr for Matl's Sci.
Technical Director, Human Engineering Laboratories, Aberdeen 1 Dr. Lyle Schwartz
Proving Ground, MD 21005 1 Dr. Stephen Hsu
1 ATYN: Technical Reports Office 1 Dr. Allan Oraggoo
1 AMXHE-D, Dr. J. D. Weisz
U.S. Bureau of Mines, Mineral Resources Technology,
Chief of Naval Research Arlington, VA 22217 2401 E. Street, N.W., Washington, DC 20241
1 ATTN: Code 471 1 ATTN: Mr. M. A. Schwartz
! Or. A. Diness
1 Or. R. Pohanka National Bureau of Standards, Gaithersburgh, MD 20760
1 ATIN: DQr. S. Wiederhorn
Naval Research Laboratory, Washington, DC 20375 1 Dr. J. 8. Wachtman
1 ATTN: Code 5830 1 Dr. N. Tighe
Headguarters, Naval Air Systems Command, National Research Council, National Materials Advisory
Washirqton, DC 20360 Board, 2101 Constitution Avenue, Washington, DC 20418
1 ATIN: Code 5203 1 ATTN: Dr. K. Zwilsky
1 D. Groves
Headquarters, Naval Sea Systems Command, 1941 Jefferson 1 R. M. Spriggs
Davis Highway, Arlington, VA 22376 1 J. Lane
1 ATTN: Code 035
National Science Foundation, Materials Division, 1800
Headquarters, Naval Electronics Systems Command, G Street, N.W., Washington, DC 20006
Washington, DC 20360 1 ATTN: Or. L. Toth
I ATIN: Code 504 1 Dr. J. Hurt
Commander, Naval Ordnance Station, Louisville, KY 40214 AiResearch Manufacturing Company, AiResearch (asting
1 ATTN: Code 85 Company, 2525 West 190th Street, Torrance, CA 90505
1 ATTIN: Mr. K. Styhr
(ommander, Naval Material Industrial Resources Office,
Building 537-2, Philedelphia Naval Base, Philadelphia, AVCO Corporation, Applied Technology Division, Lowell
PA 9112 Industrial Park, Lowell, MA 01887
I ATTN: Technical Director 1 ATTN: Or. T. Vasilos
“ommander, Naval Weapons Center, China Lake CA 93555 Case Western Reserve University, Uepartment of Metallurgy,
1 ATIN: Mr, F, Markarian Cleveland, OH 60605
1 ATTN: Prof. A. H. Heuer
rommander, Y.5. Army Wright Aeronautical (abs, Wright-
2atterson Air force Base, OH 45433 Defence Research Ectablishment Pacific, FMO, Victoria,
1 ATTH: Dr, N. Tallan 8.C., VOS IBO, Canada
1 Or. H. Graham 1 ATIN: R. D. Barer
1 Dr. R. Ruh
1 Aero Praopulsion Labs, Mr, R. Marsh European Research 0ffice, 2?23 01d Maryleborne Road, london,
i dr. H. M, Burte NWl - 5th, England
i AFWAL/MLLP, Mr. D. Forney 1 ATIN: Dr. 1. Ahmad
i AFML /MLLM, Mr. H, L. Gegel
1 AF SO /MULLM, Dr. AL Katz




e WHFwEs UW Wi T T TS T T o TR TR TR NIV ENF RN OW T WY v W e worse

No. of No. of
Copies To Copies To

Ford Motor Company, Turbine Research Department, 20000
Rotunda Drive, Dearborn, Ml 48121

Rensselaer Polytechnic Institute, Department of Materials
Engineering, Troy, NY 12181

1 ATIN: Mr. AL F. Mclean ATTIN: R. J. Diefendorf
1 Mr. J. A. Mangels
Oak Ridge National Laboratory, P.O. Box X
Ford Motor Company, P.0. Box 2053, Dearborn, M1 48121 Oak Ridge, TN 37830
I ATTN: Or. 0. Compton, Vice President, Research ATTIN: P. F. Becher
V. J. Tennery
General Electric Company, Research and Development Center, R. Johnson
Box 8, Schenectady, NY 12345
1 ATIN: Dr. R. J. Charles Sandia taboratories, Albuquerque, NM 87144
1 Dr. C. D. Greskovich ATTN: Dr. F. Gerstle, Div 5814
1 Dr. S. Prochazka
The John Hopkins University, Department of Civil Engineering/
Georgia Institute of Technology, EES, Atlanta, GA 30332 Materials Science and Engineering, Baltimore, MD 28718
1 ATIN: Mr. J. D. Walton ATTN: Or. R. E. Green, Jr.
GTE Sylvania, Waltham Researcn Center, 40 Sylvania Road, Director, Office of Science and Technology Policy, Old
Waltham, MA 02154 Executive Office Building, Washington, DC 20223
1 ATTN: Dr. W. H. Rhodes
Subcommittee on Science, 2319 Rayburn House Office Building,
Martin Marietta Laboratories, 1450 South Rolling Road, Washington, DC 20515
Baltimore, MD 21227 ATTN: Mr. P. C. Maxwell
1 ATTN: Or. J. Venables
Aerospace Corporation, Materials Science Laboratory,
Massachusetts Institute of Technology, Department of 2350 East E1 Segundo Boulevard, E] Seqgundo, CA 90245
Metallurgy and Materials Science, Cambridge, MA 02139 ATTN: Dr. L. R. McCreight
1 ATTN: Prof. R. L. Coble
1 Prof. H. K. Bowen IBM Corporation, Thomas B. Watson Research Center,
1 Prof. W. 0. Kingery Yorkstown Heights, NY 10598
1 Prof. J. Vander Sande ATTN: Or. G. Onoda

Materials Research Laboratories, P.0. Box 50, Ascot Vale,
VIC 3032, Australia

Corning Glass Works, Research and Development Division,
Corning, NY 14830

1 ATIN: Dr. C. W. Weaver ATTN: Dr. W. R. Prindle
Midwest Research Institute, 425 Volker Boulevard, 3M Company, New Products Department, 219-01-01, 3M Center,
Kansas City, MO €4110 St. Paul, MN 55144

1 ATIN: Mr. G. W. Gross, Head, Physics Station ATTN: R. E. Richards
Pennsylvania State University, Materials Research 'aboratory, Technology Strategies, Inc., 10722 Shingle Oak Ct.,
Materials Science Department, University Park, PA 16802 Burke, VA 22015

1 ATTN: Prof. R. Roy ATTN: Or. E. C. Van Reuth

1 Prof. R. E. Newnham

1 Prof. R. £. Tressler Rutgers University, Center for Ceramics, Rm A274,

1 Dr. C. Pantano P.0. Box 909, Piscataway, NJ 08854

1 Mr. C. 0. Ruud ATTN: Prof. J. B. Wachtman, Jr., Director
State University of New York at Albany, Department of Syracuse University, 304 Administration Building,
Physics, Albany, NY 12222 Syracuse, NY 13210

1 ATTN: Frof. W. A. Lanford ATTN: Dr. V. Weiss

State University of New York at Stony Brook, Department of
Materials Science, Long Island, NY 11790
ATTN: Prof. F. F. Y. Wang

Stanford Research Internatiognal, 333 Ravenswood Avenue,
Menlo Park, CA 94025d
ATTN: Dr. P. Jorgensen

Dr. D. Rowcliffe

United Technologies Research Center, East Hartford, CT 06108
ATIN: Dr. J. Brennan
Or. K. Prewo

University of California, Lawrence Livermore laboratory,
P.0. Box 808, Livermore, CA 94550
ATTN: Mr. R, Landingham

Or. C. F. Cline

Dr. J. Birch Holt

University of Florida, Department of Materials Science and
Engineering, Gainevislle, FL 32611
ATTN: Dr. L. Hench

University of Washington, Ceramic Engineering Division, FB-10,

Seattle, WA 98195

- 1 ATIN: Prof. R. Bradt
g .
‘_’\. Hgst\nghouse Electric Corporation, Research Laboratories,
N Pittsburgh, PA 15235
-P%. 1 ATIN: Or. R. J. Bratton
.
5' Battelle Pacific Northwest Lab, NUT Section, Richland,

WA 99353
ATTN: Mr. A, Birks, Associate Manager

Lehigh University, Materials Research Center #32,
Bethlehem, PA 18015
ATTN: Dr. 0. M, Smyth

Alfred University, New Yurk State College of (eramics,
Alfred, NY 14802
ATTN:  Or. R. L. Snyder

University of California, Center for Advanced Materaials,
058, Hildebrand Hall, Berkeley, CA 94720
ATTN:  Prof. G. Somorjai

Boeing Aerospace Company, 11029 Southeast 291, Auburn,
MA 98002
ATTN: W. E. Strobelt

University of California, Materials Science and Minera
Engineering, Heart Mining Buiiding, Rm ?B4, Eerkeley,
CA 94720

ATTN: Prof. G. Thomas

Director, U.S. Army Materials Technology Laboratory,
Watertown, MA 02177-0001
ATTN:  SLOMT-IML

Authors

!

000G
Soatnentiatnded




1

TTUPTTUNIWEREREFRNRN EARN ST W W PW MY\ FW v oW ve

L3 AL~ il ge da oo aa R 2k _li'ath ofa o

*s|eLJajew 331sodwod UOQURD PaJILsS3Ip pue Bbulziw

-13do buido|aA3p JOJ |PLIUASSI S| sJualawesed ISIYI 4O UOLIP[34J0D Y] *DPASSNISLP
pue paulwexa 3Je mgwa_u :oagmu 40 sarisadoud Jolew 3qLJO$S3p 031 padsinbas suajauwesed
3de4uns pue ‘(edn3dnuis ‘ea1shud  *(yIS3) sisAieuy |eo(uay) oy Adorsos3dads
u0J12313 4o ‘(SdY) Adoasosidads uouidayacioud Aes-x pue (W3IS) Adodsesdiw uniydage
buiuueds ‘u011JeJ)21ID AeJ-X AQ DBZLJIIDLJPYD B4R SJBQLS UOQIRD [BLDJAMIOD XIS

UOLIRZLJIIIRIPYD 3JNIONIILS

UO11BZLJa1DdRIRYD 3DIPJUNS
sJaqty uoque) YYNLET6A0044L 129T0dd ¥/0 “alae3l-sniqt

dd §1 ‘7861 J3quwA3das ‘py-¢8 AL TIW 140day |edLuUdA]

spJoM Kay

dip *M |JPad pue uLl RuouS uis
SU3IHT4 NOSYYD HIININIS HOIH
40 SNOTIVZTH3LOVHVHD FIVIANS ONY IYNLINAILS
1000-2£120 $313SNYU3RSSPY “UMOIUIIIPM

av Kaojesoqgey ABo|ouudal s|etdaipy Audy °*s°n

NOLINGTHISIC QILIWITNN
A3T31SSYIINN

“s|eLJalrw 3j1sodwod UCQLPI PaJLSap pup Bulziu

-13do buidotarap U0y |PLIUASSE SI SU23aweUPd ISIYT 4O UOLIP|BJIIND BY| PASSNISID
pue paujwexa aJe SJaqQly u0qued 4o saljuadoud solew aqLadcap 03 payinbas sJajameied
32ejuns pue ‘|eanyonuls ‘(edishyd  *{yIS3) sisA|euy [Pd1way) 40) Adorsouyoads
ueJ3123(3 Jo ‘(Sdx) Adodsou1dads woayda(eoloud Aeu-y pue (W3IS) Adorsnudiw uniydaja
Butuueds ‘uoLidedyyip Aed-x AQ PAZLJBIIPIPYD AJe SIAGL) UOGUPI |PLIJAWMIOD X1

UOLIRZ1I3IIRJIPYD BINIINJIS

UOL3RZLJIIOPIRYI IDPInS
sJaqly uoque) PYNLETEAONAdL 103f0ud v/0 *ajgpi-snyt

dd g1 “/8RT Jaqualdas *ep-/R WL TUW 1Joday |PoLULDAL

SpJOM A3y

dth *M 1JPA4 pue ULl buoys uig
SHIATA NOANYD HIONTIHLS HOTH
40 SNOTLIYZTHILIVHYHD IDVHANS ONY IHNIINNLS
1000-2/170 S313SNYIPSSPY *UMDIIAIEM

av Langpaoqpr] Ahojouyda) s|pLaaliey Awuy *S°n

NOTLINGTYLSTA QILIWIINN
3141SSYTINN

4
|
|
|
|
|
|
|

"S(PLJalPw 33150dwWOD UOGUPI PAJIS3D pup FulZiu

~13do Huido|3A3p 4Oy [P13uaSSA SI SJI31AWEJRd 3SAYI JO UOLIP[IJJOD AUj *PASSHISLD
pue pauiuexd 3Je SJ3QL) uoQJPI Jo S31iuadosd solfew 3qLuadIsap 01 pARJinbay syajameged
3Jejuns pue ‘|eanidnyys ‘|edLshyd  *(¥IS3) sisAeuy [ediway) Joy AdoIsosidads
u0J322|3 JO .nmmxv Ado1504123ds uos1d3|3030ud Aeu-x pup (W3S} Adedsnudiw unsydaga
buluueds ‘uo11deayip Kes-Y AQ PAZLUIIIPIPYD AJP $JaQLy UOQUPD |@{DJAMAOY ¥1C

UGL]PZ1J431DPIRYT 3J4NTNITYS

U0L1PZ 1J3TIRJRYD 3D uNS
$43QL} unque) YYN/ET6A004dL 32300ud v/Q *B|QPI-SNy(t

dd p1 "(R61 Jaaqualdas *fp-/8 #] TiW 140day [Paiuuda)

SpJoM L3y

dta *M [Jpag pul ull RunyS uis
SUIAT NOAHYD HIONIN|IC HOTH
40 SNOTIYZTHILIVHVHD AIVAUNS ONY FANLINMIS
1000-2/120 S3IIISNYIPSSP ‘UMOILAIEM

av Lanipaoar] ABojouyda] SipLlaley Lfudy “S°n

NOTINGT¥LSTA QILIWIINN
03131SSYTINN

"S|etJajpw 33150dwod uOQJUPI P3JLSap pue Bulziw

-13do buido(arap 404 [PLIUASSA St SJIFAwWPIPd ASIYL JO UOLIP(AJIOI BY] DASENISID
PUP PRULWEXI AJP SJIQL LOQUPd 0 Sarjdadosd solew aqruadrsap 01 pasinbay suajawraed
a%pJJns pup *{eJnidnuls ‘(8918Aud  *(Y¥IS3) SisA|Puy (edwway) 40y Ldodsouraadg
U0J123(3 Jo ‘(SdX)} Adodsos123ds uosIda|aoloud APu-x pup (W3IS) AdoIsourlm unsidaga
futuueds ‘uoL1oeJyytp Aed-X AQ PAZILJAIIPUPUD AJP SJAQLS UOGUPD [PLIJAMIOD YIS

UOLIRZ1JIIRIPYD AJNIINIIG

U0|1PZ1437DPJRYD AILHING
$Jaqt} voque) PYX/ETOAD04dL 323f0ad v/Q ‘apari-snyt

dd p1 ‘86T J3QuRIdAT “RY-/R W] W TJ0AAN [PILULIA|

spJoM Lax

dip *M (Jeagq pue v Puoyg uig
SHIAT S NOAMYD HIONIH[S HOTH
30 SNOTIVZ THILIVHYHD 3DV 4UNS ONY HNLINNHLS
1000-2/120 $31aSNYUIPSSPK *UMDIIATPM

av Lapiegoge] ABo|nuydal S{PLJATIPK Auuy *Q*p

NOTINGTHISTO QILIWIIND
GIT41SSYIINN




O
) () !‘q
, ¢ X3 %
KRN '*‘:‘-‘!!;s‘t”'l"‘ ¢

.



